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Transcription factora b s t r a c t
FixK2 is a CRP-like transcription factor that controls the endosymbiotic lifestyle of Bradyrhizobium
japonicum. The reason for its noticeable protease sensitivity was explored here. The repertoire of Clp
chaperone-proteases in B. japonicum was examined, and speciﬁcally ClpAP1 and ClpXP1 were puri-
ﬁed and tested. FixK2 was found to be degraded by ClpAP1 but not by ClpXP1. Degradation was inhib-
ited by the ClpS1 adaptor protein, indicating that FixK2 is a direct substrate for ClpAP1. The last 12
amino acids of FixK2 appeared to be recognized by ClpA. The results suggest that the ClpAP system
is involved in the cellular turnover of FixK2.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The a-proteobacterium Bradyrhizobium japonicum is a nitrogen-
ﬁxing soybean endosymbiont. In this bacterium, a regulatory
network of two linked cascades responding to different oxygen
concentrations controls genes relevant for its different lifestyles
[1]. In the FixLJ–FixK2 cascade, the FixLJ two-component regulatory
system activates expression of the transcription factor gene ﬁxK2 ata concentration equal to or below 5% O2 in the gas phase [1]. In
turn, the FixK2 protein activates expression of a wide range of
genes required for microoxic, anoxic, and symbiotic growth [2].
FixK2 belongs to the CRP/FNR superfamily. Members of this
superfamily are generally regulated by the binding of an effector
molecule [3]. FixK2, however, does not possess an obvious sensory
module and is active as a homodimer without any apparent metab-
olite in an in vitro transcription activation assay [4]. Instead, FixK2
is modulated through a singular cysteine located near the DNA-
binding domain. Oxidation of this cysteine inactivates the protein
in vitro. It was proposed that FixK2 oxidation is relevant for in-
stantly regulating FixK2 activity in response to ROS [5]. Along with
this oxidative post-translational control, FixK2 might also be regu-
lated by proteolysis. FNR, a FixK2 homolog in Escherichia coli was
shown to be trapped by an inactive ClpXP complex in vivo [6]
and degraded by ClpXP in vitro [7].
Clp chaperone-proteases are energy-dependent proteases
responsible for both general degradation of unfolded or misfolded
proteins and controlled proteolysis of native proteins for regula-
tory purposes [8]. They consist of two distinct parts: a hexameric
chaperone ring belonging to the AAA+ ATPase family and a prote-
ase cylinder. Upon ATP hydrolysis, the chaperone unfolds sub-
strates and translocates them into the proteolytic core for
degradation [9].
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display partially overlapping substrate speciﬁcities [10–11]. ClpAP
together with its cognate adaptor ClpS recognizes N-end rule sub-
strates. The N-end rule deﬁnes the half-life of a protein depending
on its N-terminal residues [12]. Another set of substrates are the
ssrA-tagged proteins. The ssrA tag is added by the tmRNA system
C-terminally to polypeptide chains stalled on the ribosome [13].
Both ClpAP and ClpXP can recognize and degrade ssrA-tagged sub-
strates (reviewed in [9]), although the presence of their respective
adaptor changes their speciﬁcity.While SspBpromotes the degrada-
tion of ssrA-tagged substrates by ClpXP [14–16], ClpS inhibits their
degradation by ClpAP [17,18].
Beside these substrates, ClpAP and ClpXP also recognize un-
tagged substrates with a recognition site encoded within the pro-
tein sequence. To date, only RepA [19] and ClpA [20] itself have
been demonstrated to be direct substrates for ClpAP, but no clear
general recognition sequence could be determined. On the con-
trary, ﬁve classes of recognition sites were identiﬁed for ClpX [6].
Among many substrates of this protease that have been character-
ized are several key regulatory proteins such as Caulobater crescen-
tus CtrA [21], E. coli FNR [7] or Bacillus subtilis Spx [22].
In this study, we therefore looked into the Clp protease inven-
tory of B. japonicum and investigated the degradation of FixK2 by
those chaperone-proteases in vitro. We demonstrate that ClpXP1
and ClpAP1 are both active and able to degrade the ssrA-tagged
model substrate GFPssrABj. Although FixK2 is not a substrate for
ClpXP1 of B. japonicum, it was degraded by ClpAP1. This degrada-
tion was speciﬁc and was inhibited by ClpS1. Furthermore, we
showed that the last 12 amino acids of FixK2 play the main role
for the recognition by ClpA.
2. Materials and methods
2.1. Plasmid construction, protein expression and puriﬁcation
Full details of these methods can be found in the Supplementary
data.Fig. 1. (A) Genomic context of clp genes in E. coli K12, C. crescentus CB15, and B. japon
comments. (B) ssrA tag sequence alignment. Black boxes indicate the SspB recognition se
lines represent the ClpA recognition sequence in E. coli. Ec: E. coli; Cc: C. crescentus; Bj:2.2. Enzymatic assays
ClpA and ClpX ATPase activity and ClpP1 peptidase assay were
carried out as described in the Supplementary data.
2.3. Degradation assay by ClpAP1 or ClpXP12.3.1. Degradation followed by SDS–PAGE
0.5 lM ClpA or ClpX and 0.25 lM ClpP1 were incubated with
5 lM substrate, 5 mM ATP and an ATP regeneration system at
30 C in buffer S supplemented with 20 mM MgCl2 and 1 mM
DTT. Where indicated, 3 lM of ClpS1 or 3 lM of SspBa were added
to the reaction. Samples at speciﬁc time-points were mixed with
Laemmli SDS loading buffer and separated on NuPAGE Novex
12% Bis–Tris gel with MOPS running buffer (Invitrogen). SDS–PAGE
was stained with Blue Coomassie solution. Substrate degradation
was quantiﬁed with AlphaImager (AlphaInnotec) and normalized
to ClpP1.
2.3.2. Degradation followed by ﬂuorescence
0.2 lMClpAand0.1 lMClpP1were incubatedwith 10 lMGFP(s),
5 mM ATP and an ATP regeneration system at 25 C in buffer S with
20 mM MgCl2 and 1 mM DTT. 1.2 lM ClpS1 was added where indi-
cated. GFP(s) degradation was monitored by the decrease of ﬂuores-
cence in a multi-plate reader Victor3 (Perkin Elmer). The excitation
wavelength was set at 405 nm and the emission was recorded at
485 nm.
3. Results
3.1. The genomic context of clp genes in E. coli and C. crescentus is
conserved in B. japonicum
B. japonicum, like other sequenced rhizobia, possesses clpX
(bll4943), clpP1 (bll4944), clpA (bll5153), clpS1 (bll5154) and sspBa
(blr6518) genes, but also has an additional homolog of clpP
(blr0611) and clpS (bll2636), later referred to as clpP2 and clpS2,icum USDA110. lon, clpX and clpP1; clpA and clpS1 are in close vicinity. See text for
quence, the light grey box symbolizes the ClpX recognition sequence, and dark grey
B. japonicum.
Fig. 2. ClpAP and ClpXP complexes are active in vitro. GFPssrABj degradation assay
followed by Blue Coomassie-stained SDS–PAGE by ClpAP1 in the absence (top
panel) or presence (bottom panel) of ClpS1 (A) or by ClpXP1 in the absence (top
panel) or presence (bottom panel) of SspBa (B). GFPssrABj is not degraded if one of
the two components of the chaperone-proteases is missing (C).
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orthologous genes for Clp-like and associated proteins in all so far
sequenced symbiotic rhizobia containing at least a FixK-coding
gene.
ClpS paralogs and SspBa had not been annotated in the Rhizo-
base (http://genome.kazusa.or.jp/rhizobase/), but were identiﬁed
with a blast search using E. coli ClpS or C. crescentus SspBa, respec-
tively (for details see Table S1). Whereas the clpP1 gene is located
upstream of the clpX gene and the clpS1 gene directly precedes
the clpA gene, clpP2 and clpS2 occur as isolated genes at locations
elsewhere in the genome of B. japonicum (Fig. 1A). The sequence
identity between the B. japonicum Clp proteins and their E. coli
homologs is relatively high, ranging from 43% to 73%. However,
SspBa is more distantly related to the E. coli SspB protein, display-
ing only 28% identity (Table S2, Fig. S1). When aligned to C. crescen-
tus SspBa, B. japonicum SspBa shared a higher sequence identity
(44%; Table S2, Fig. S1). Similarly, the ssrA tag of B. japonicum is
longer and slightly different from that of E. coli but quite similar
to the C. crescentus ssrA tag (Fig. 1B).
Our microarray experiments have shown previously that clpP2
and clpS2 are poorly transcribed in free-living conditions and dur-
ing symbiosis (Table S2) [24]. Indeed, a recent proteomic approach
showed that ClpP2 and ClpS2 are not present in soybean bacteroids
(Table S2) [25]. Given these results, we focused our study on the
ClpA, ClpX, ClpP1, ClpS1, and SspBa proteins.
3.2. ClpX and ClpA of B. japonicum form active protease complexes
with B. japonicum ClpP1
Before testing FixK2 degradation, we ﬁrst characterized the Clp
protease system of B. japonicum. We puriﬁed B. japonicum ClpA,
ClpX, ClpP1, ClpS1, and SspBa. Mass spectrometric analysis of puri-
ﬁed ClpP1 indicated that the ﬁrst 9 amino acids were cleaved off
during the puriﬁcation process (Fig. S2). The E. coli ClpP protein
is also encoded as a precursor and has to mature by autocatalytic
cleavage after amino acid residue 14 [26].
ClpA and ClpX ATPase activities were assessed using a continu-
ous spectrophotometric assay. The turnover number for ATP
hydrolysis by the chaperones was 242 ± 6 min1 for ClpA and
43 ± 3 min1 for ClpX. ClpP alone can act as a peptidase and we
tested its degradation activity using the small ﬂuorogenic sub-
strate Suc-LY-AMC. The observed peptidase activity was
0.88 ± 0.1 min1 per ClpP1 core particle. Combined, these results
indicate that puriﬁed B. japonicum Clp proteins are active, though
they are 2-fold and 4-fold less efﬁcient than the E. coli chaperones
and the ClpP protease, respectively [27–28].
To verify the interaction of the chaperone with its protease
partner and the formation of fully active chaperone-proteases
complexes, we tested the degradation of GFPssrABj, a model pro-
tein substrate where GFP was C-terminally fused with the B.
japonicum ssrA tag. Within 30 min ClpAP1 and ClpXP1 degraded
roughly half of the GFPssrABj initially present and after 60 min
the reaction was almost complete (Fig. 2A and B, top panels).
No degradation was observed when only one of the chaperones
(ClpA or ClpX) or the protease (ClpP1) was included in the reac-
tion (Fig. 2C). This clearly indicates that ClpA and ClpX are able
to unfold GFP and translocate it into the ClpP1 degradation cham-
ber where it is then degraded. The faint band at slightly lower
molecular weight that appears to be degradation resistant most
likely stems from a small fraction of GFP that has lost part of
its ssrA-tag and hence cannot be recruited to ClpA or ClpX. Next
we tested the ability of the B. japonicum adaptor proteins ClpS1
and SspBa to modulate the ssrA degradation activities of ClpAP1
and ClpXP1. The presence of ClpS1 prevented GFPssrABj degrada-
tion by ClpAP1, whereas SspBa signiﬁcantly enhanced the degra-
dation of this substrate by ClpXP1 (Fig. 2A and B, bottom panels),which is in agreement with the roles of the two adaptor
proteins previously described for the homologous system in
E. coli [14–18].
3.3. ClpA is autodegraded in the absence of other substrates
In E. coli, ClpA was shown to be degraded in a ClpAP-dependent
manner. This autodegradation is prevented in the presence of other
substrates or the adaptor molecule ClpS. The autodegradation sig-
nal is located at the C-terminus of ClpA and a variant lacking the
last 9 residues is protected from autodegradation [20]. We ob-
served that ClpA of B. japonicum was also autodegraded in the ab-
sence of substrate (Fig. S3A, upper panel). The presence of the
adaptor ClpS1 (or GFPssrABj, data not shown) in the reaction pre-
vented ClpA autodegradation (Fig. S3A, bottom panel) which indi-
cates interaction of ClpS1 with ClpA. In addition, GFP fused with the
12 C-terminal amino acids of B. japonicum ClpA (GFPcA12) was de-
graded by ClpAP1 indicating that the C-terminal part of ClpA from
B. japonicum is also the main recognition site (Fig. S3B). Taken
together, although the C-terminal sequences of E. coli and
B. japonicum ClpA are quite different (Fig. S3C), ClpA autodegrada-
tion might be a general, regulatory and well-conserved mechanism
among microorganisms.
Fig. 3. FixK2 is a direct substrate for ClpAP1 but not for ClpXP1. (A) FixK2 degradation assay by ClpXP1 in the absence or presence of SspBa. (B) FixK2 degradation assay by
ClpAP1 in the absence or presence of ClpS1. The degradation assays were followed by Blue Coomassie-stained SDS–PAGE (top panel) and quantiﬁed with AlphaImager (bottom
panel). Values are the means and standard deviations from three independent experiments.
Fig. 4. Determination of the recognition sites of ClpAP1 on FixK2. Degradation of
GFP, Fn9-GFP, GFP-Fc12 and Fn9-GFP-Fc12 by ClpAP1 was followed by ﬂuorescence.
For details, see text. Shown are representative curves of degradation experiments
which were repeated at least twice.
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FixK2 degradation was tested with both the ClpXP1 and the
ClpAP1 chaperone-protease complex to assess whether one of
these degradation complexes or both might be able to recognize
FixK2 as a substrate. FixK2 remained stable over time upon incuba-
tion with ClpXP1 both with and without the adaptor SspBa
(Fig. 3A), indicating that unlike FNR in E. coli [7], FixK2 is not de-
graded by ClpXP1. This was in striking contrast to the result ob-
tained with ClpAP1. Upon incubation of FixK2 with ClpAP1, we
observed a 60% decrease in the amount of FixK2 within the ﬁrst
30 min (Fig. 3B). The adaptor protein ClpS in E. coli was previously
shown to enhance the degradation of N-end rule substrates and to
inhibit the degradation of substrates recruited directly to the ClpA
ring (reviewed in [29]). Repeating the experiment in the presence
of ClpS1 showed that FixK2 degradation is inhibited by ClpS1 bind-
ing to ClpAP1 (Fig. 3B), further supporting a direct recruitment
mechanism.
3.5. The C-terminus of FixK2 is the main recognition site for ClpAP1
Since FixK2 is a speciﬁc substrate for ClpAP1, we next aimed to
identify the element on FixK2 that is recognized by ClpA. Since it is
often the sequences at the termini of a protein that serve as
recognition sites, we fused the 9 N-terminal (Fn9-GFP), the 12 C-
terminal (GFP-Fc12) amino acids of FixK2 or both (Fn9-GFP-Fc12)
to the GFP protein. As previously described [30], GFP by itself is
not a substrate for ClpAP1 (Fig. 4). The fusion of the 9 N-terminal
amino acids of FixK2 to GFP had only a mild effect on the stability
toward degradation by ClpAP1 (10% degraded after 30 min).
Increasing the length of the N-terminal fusion to 12 N-terminal
amino acids of FixK2 did also not make any difference and the deg-
radation rate was very similar to Fn9-GFP (data not shown). Fusion
of the C-terminal 12 residues of FixK2 to GFP, however, resulted in
signiﬁcant destabilization of GFP toward ClpAP1-mediated degra-
dation (40% of GFP-Fc12 was degraded within 30 min), suggesting
that the C-terminus of FixK2 plays a major role in the recognition
by ClpA. When we combined the N-terminus and the C-terminus
of FixK2 to GFP, we observed an additive effect on degradation.Furthermore, the degradation of FixK2 itself was very similar to
the degradation of Fn9-GFP-Fc12 followed by SDS–PAGE, suggesting
that both termini are involved in the recognition by this protease
(Fig. S4).
4. Discussion
Degradation of the key regulator FixK2 by the Clp chaperone-
proteases of B. japonicum was investigated. Contrary to ﬁndings
with FNR, a regulator of the same family in E. coli, our results show
that FixK2 is not a substrate for ClpXP1 in vitro. FixK2 does not pos-
sess any of the three N-terminal motifs for ClpX recognition deter-
mined by intracellular trapping of ClpXP substrates [6]. While the
last amino acids of FNR resemble the ssrA tag [7], FixK2 has an
aspartic acid as penultimate amino acid. Such a residue at that par-
ticular position was previously shown to be detrimental for ClpX
recognition [10–11], and this might explain the stability of FixK2
in the presence of this protease.
Although it was not a substrate for ClpAP1S1 either, FixK2 was
speciﬁcally degraded by ClpAP1. This suggests that FixK2 is a direct
substrate and not an N-end rule substrate. To date, only RepA and
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protease, but no consensus sequence was identiﬁed for ClpA recog-
nition. Whereas the E. coli ClpA autodegradation signal is encoded
in the last 9 carboxy-terminal amino acids [20], the recognition se-
quence of RepA is located within the ﬁrst 15 amino-terminal resi-
dues [19]. To decipher the recognition site of ClpA on FixK2, we
fused its N- and C-terminal regions to GFP and could thus establish
that the FixK2 C-terminus is the main recognition site for ClpA
whereas the N-terminal segment plays only a minor role. The com-
bination of the N- and C-termini fused to GFP was additive and
equaled the degradation rate of FixK2 itself.
To further demonstrate the importance of the FixK2 C-terminus
for ClpA recognition, a mutant lacking the last 12 amino acids was
constructed. However, this truncated variant could not be puriﬁed
due to its insolubility (data not shown). In our laboratory, we had a
FixK2 variant where the leucine at position 221 was exchanged to a
threonine. This variant was puriﬁed as a mixture of both a full-
length and a cleaved form. Mass spectrometric analysis revealed
that this truncated form lacks the last 12 C-terminal amino acids
important for ClpA recognition. Degradation assays with this mu-
tant indicated that although the truncated form was degraded,
its degradation rate was much slower than that of the full-length
form (data not shown). Taken together, these results pointed out
that both termini are involved in the recognition by ClpA, although
the C-terminal part plays the predominant role.
We have recently obtained structural data on FixK2 (unpub-
lished results) indicating that the C-terminus forms an a-helix
and that it is exposed on the surface of the protein. The recognition
of this region on FixK2 by ClpA would therefore be expected to be
mediated by certain surface-exposed amino acid residues and not
the entire unstructured sequence recognition motif. Mutational
analysis of the E. coli ssrA tag suggested that ClpA recognizes short
clusters of aliphatic residues rather than speciﬁc amino acids [10].
Interestingly, the last 6 residues of FixK2 are indeed rich in ali-
phatic residues (UX2UXU, where U represents an aliphatic resi-
due), and this signature motif might therefore be the recognition
element for ClpA.
Additionally, it would be interesting to decipher if ClpAP1 recog-
nizes FixK2 in a particular assembly state. Several substrates for
AAA+ proteases have been shown to be highly sensitive for degra-
dation in their monomeric state, but become resistant when they
are oligomerized, associated with others proteins or bound to
cofactors [6–7,31]. FixK2, however, does not have any binding site
for cofactors in its primary sequence and the binding to DNA does
not protect the protein from degradation (data not shown).
In summary, we have identiﬁed two new direct substrates (B.
japonicum ClpA and FixK2) and their recognition sites for
B. japonicum ClpAP1 protease in vitro. As FixK2 degradation seems
to be very speciﬁc, it is tempting to hypothesize that this fact might
explain the low abundance of FixK2 in vivo. Indeed, despite the
induction of ﬁxK2 gene expression at low oxygen concentrations,
the steady-state level of the FixK2 protein is very low and remains
constant regardless of the growth conditions [5]. Furthermore, a re-
cent proteomic study reported that FixK2 was not detected in B.
japonicum bacteroids isolated form soybean root nodules [25].
The degradation of FixK2 might therefore be an additional way of
regulating the protein activity by modulating the protein amount
in vivo. Further experiments will be needed to elucidate whether
FixK2 degradation occurs continuously in the cells or under a spe-
ciﬁc set of environmental conditions.
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